Marine mud volcanoes are significant source locations contributing to the marine methane cycle. Enhanced heat flow, unique chemoautotrophic communities, occurrence of massive gas hydrates and large gas plumes are direct evidences of elevated methane concentrations and the dynamic environment of mud volcanoes. Related to the high concentrations and large inventories of CH 4 in surface sediments only a fraction of the methane is exported to the bottom water. This is mainly due to chemoautotrophic communities oxidizing methane and proving a "microbial filter" reducing CH 4 fluxes. Although these processes were studied for several mud volcanoes still little is known about the spatial pattern and the areas covered by chemoautotrophic communities or by present mud flows.
Introduction
Mud volcanoes (MV), whether they occur onshore or offshore, are major locations of mud and fluid transfer from deep geological layers to the earth's surface. To date, more than 1700 MV have been recorded, of which about 800 are located offshore. It is estimated that more than 10,000 exist in deep marine waters (Dimitrov, 2002; Fleischer et al., 2001; Ivanov et al., 1996; Kopf, 2002; Milkov, 2000; Milkov et al., 2003; Pimenov et al., 2000) . The formation of MVs is often linked to a tectonic compression, dehydration of clay minerals at depth, or rapid deposition of mass flows as slumps or turbidites (e.g. Kopf, 2002; Huguen et al., 2004; Kohl and Roberts, 1994; Vogt et al., 1999) . They frequently form mud domes with diameters of up to a few kilometers and heights of several tens of meters above adjacent seafloor.
Observations such as recent mud flows, active seepage of fluids, enhanced heat flow, unique chemoautotrophic communities, massive gas hydrates, and large gas plumes are strong evidence for elevated methane concentrations in the sediments and water column (Damm and Budéus, 2003; Sauter et al., 2006) . Therefore, MVs are considered as significant source locations contributing to the marine CH 4 budget.
Up to now, the Håkon Mosby Mud Volcano (HMMV), located in the Norwegian Sea, is the only active MV reported for high northern latitudes (Fig. 1) . This structure was found on the continental slope of the western Barents Sea fan (72°00.3′N and 14°44.0′E), within the submarine valley of Bear Island in a water depth of 1265 m Vogt et al., 1997 Vogt et al., , 1999 . Research cruises, including a survey by NIS Akademik Mstislav Keldysh equipped with the manned submersibles MIR-1 and MIR-2 studied the geological and geochemical settings (e.g. Milkov et al., 2004; Vogt et al., 1999) . Multibeam and side-scan sonar surveys by Vogt et al. (1997 Vogt et al. ( , 1999 revealed the morphology and sediment textures. Biogeochemical, geophysical, and biological studies were conducted by Eldholm et al. (1999) , Lein et al. (1999) , Mienert and Posewang (1999) , Milkov et al. (1999 Milkov et al. ( , 2004 , Pimenov et al. (1999) , and Vogt et al. (1999) , among others.
At the HMMV, as on other offshore mud volcanoes, high concentrations of hydrogen sulphide and methane in the sediment offer a specific habitat for microbiological and macrofaunal associations (e.g. Hinrichs and Boetius, 2002; De Beer et al., 2006; Levin et al., 2003; Pimenov et al., 1999; Sibuet and Olu, 1998; Sibuet and Olu-Le Roy, 2002; Soltwedel et al., 2005) . Sulphide- Fig. 1 . Map of the Håkon Mosby Mud Volcano (HMMV) located at the continental slope of the western Barents Sea. Mud flows, observations of gas hydrates, and distribution of bacterial mats and tube worms are indicated according to studies by Eldholm et al. (1999) , Ginsburg et al. (1999) , Milkov et al. (2004) , Smirnov (2000) , and Vogt et al. (1999) .
oxidising bacteria (dominant genus Beggiatoa, e.g. Boetius et al., 2004; De Beer et al., 2006) and tube worms that rely on endosymbiotic bacteria (especially the pogonophoran species Sclerolinum contortum and Oligobrachia haakonmosbiensis) were found for example by Pimenov et al. (1999) and Gebruk et al. (2003) . Sulphide mainly is produced by a microbial consortium of sulphate reducing bacteria and methane oxidising archaea (Boetius et al., 2000) . This process is known as the anaerobic oxidation of methane (AOM) and provides an effective biological filter regulating the release of methane into bottom water. Subsequently, the terms Beggiatoa and pogonophorans are used as synonyms for chemoautothrophic communities, microbial consortia and associated symbionts dwelling form methane and reduced sulphur species dissolved in the pore water of sediments.
Due to anaerobic oxidation of methane, at most cold seeps and MVs methane fluxes into the water column are lower at sites covered by communities as Beggiatoa mats and pogonophoran tube worms if compared to the uncovered muds De Beer et al., 2006; Hinrichs and Boetius, 2002; Sauter et al., 2006) . These chemoautotrophic communities are visual biogeochemical habitat indicators, detectable on videos and still photographs; quantification of their spatial distribution belongs to are the objectives of this study.
Although for the Håkon Mosby Mud Volcano the presence of these chemoautotrophic benthic communities was documented by towed video systems and observations by submersibles (Gebruk et al., 2003; Milkov et al., 1999) , little is still known about the area covered by Beggiatoa mats and pogonophoran colonies, the mode of coverage (e.g. small spots versus patches or large mats), or their spatial relationship to mud flows and other morphological features.
For this purpose high resolution multibeam bathymetric data, still photographs, and video mosaics of the seafloor were recorded. The data were derived during dives with the remotely operated vehicle (ROV) Victor6000 (Klages et al., 2004) and integrated into a Geographic Information System (GIS). This allows for the first time a detailed analysis of spatial patterns, the quantification of biogeochemical habitats (BGH) by geostatistical methods, and an investigation of mud sequences for a mud volcano like the HMMV.
Materials and methods
During the cruise ArcXIX3b (2003) of RV Polarstern, equipped with the remotely operated vehicle (ROV) Victor6000, the topography of HMMV was mapped, video observations of the seafloor were recorded, and sediment and water column samples were collected for geological and geochemical investigations. High precision underwater navigation using USBL (Ultra Short Base Line) was applied during the ROV dives and sampling. Further details on the ROV specification concerning water column and sediment sampling are reported in Klages et al. (2004) .
Microbathymetric mapping and video mosaicing
During two ROV dives of 44 and 15 h bottom time the high resolution multibeam systems Reson SeaBat 8125 (455 kHz) and Simrad EM2000 (200 kHz), respectively, were applied for microbathymetry mapping of HMMV. More than 250 million soundings were recorded, providing a full spatial coverage of the HMMV. Data were processed with the CARAIBES® software (Ifremer). Technical aspects of the multibeam survey and data processing are given in Edy et al. (2004) and Klages et al. (2004) .
Mainly by the Reson SeaBat 8125 data a high resolution microbathymetry map with a depth resolution of better than 0.1 m and a footprint of 0.25 m 2 at the seafloor was derived. Based on the computed digital elevation model a hill shading map was generated for improved visualisation of seafloor features as mud ridges and flow patterns (Fig. 2) .
Six dives of Victor6000 were dedicated to video surveys. The ROV was navigated at about 0.3 m s − 1 and at a maximum altitude of 3 m above seafloor. This ensured a high image quality for the vertical camera installed at the bottom of the ROV tool sled. Since the aperture of the camera is 60°, the width of the mosaics is about the same as the altitude of the ROV during the survey.
The video stream generated by the vertical camera along the ROV transect was processed online by the MATISSE Software®. This mosaicing software, based upon image and signal processing components Vincent et al., 2003) , produces georeferenced mosaics (geotiffs) of the sea floor by combining the video input and Ultra Short Base Line navigation data. Each mosaic has a width of about 3 m. The entire length of the video profiles is about 17 km. The video mosaics were recorded and integrated into the GeoInformation-System ArcGIS (ESRI). Among the geotiffs, data published in journals and reports as well as unpublished data derived during previous cruises to HMMV were integrated into the GIS.
A total of 2310 georeferenced mosaics covering an area of 45,790 m 2 were analysed by visual inspection and GIS supported image analysis. This allows a detailed mapping of the spatial distribution of the different biogeochemical habitats which are related to the occurrence of Beggiatoa, pogonophorans, and uncovered mud. Examples of different biogeochemical habitats, characterised by the nature and density of benthic communities found on the seafloor as well as the sediment type are given in Figs. 3 and 4.
Classification scheme for biogeochemical habitats
The microbathymetric map derived by the multibeam data, the still photographs, and the video mosaics allows a detailed localisation and quantification of areas covered by the main spatial entities observed at HMMV. Special emphasis was placed on the determination of 1. white bacterial mats of sulphide-oxidising bacteria (dominant genus: Beggiatoa), 2. areas covered by pogonophoran tube worms, and 3. regions of apparently uncovered mud. As a result of this visual analysis, a classification scheme was developed (Table 1) . This scheme considers the main habitat indicators (HI) as occurrence of Beggiatoa, pogonophorans, or uncovered mud, the degree of coverage by benthic organisms, as well as additional observations such as seafloor texture and specific features as small holes probably shaped by episodic gas release (Fig. 3f, i) .
GIS supported inspection of the video mosaics revealed that in some areas the chemoautotrophic organisms are arranged as small spots whereas in other regions large patches occur. Therefore, the category "Beggiatoa mats" was subdivided in narrow spots (Ø b 30 cm) and patches (Ø N 30 cm). The degrees of spatial coverage by pogonophorans or Beggiatoa mats on video mosaics were grouped into the classes b 20%, 20-50%, and N50% related to sub-sections of the video mosaics (Fig. 4) .
Mud regions essentially uncovered by benthic biota were observed for large areas of HMMV. The texture of the sediment surface is either nearly smooth or structured by ridges and holes (Fig. 3h) . According to the texture, the mud areas were classified as smooth or structured. Accompanying observations such as the occurrence of carbonate precipitates or small holes were recorded and considered within the classification scheme (Table 1 ). The number of small holes (Ø 1-2 cm) varies considerably and in flat parts of the hilly periphery e.g. in the southeast of the HMMV reaches up to 137 holes/m 2 . The derived classification scheme relies on a small set of accurately identifiable features without loss of essential information. Based on the video mosaics, these classes were identified and digitized as polygons within the GIS. For each polygon, the geometry (e.g. diameter and perimeter), the area, and the habitat category are computed and stored. In total, more than 1722 polygons were identified and determined coming from 2310 analysed geotiffs.
Geostatistics: indicator kriging
Geostatistical techniques such as variogram analysis and kriging are commonly applied in oil, gas and mineral exploration, in groundwater research, and for marine or terrestrial habitat mapping (e.g. BonhamCarter, 1996; Isaaks and Srivastava, 1992; Rivoirard and Wieland, 2001; Schlüter, 1996) . These techniques allow the computation of regional patterns and contour plots under consideration of the spatial distribution of the input data. Based on the visual interpretation of the entire set of video mosaics different, habitats were identified and digitised as polygons (Figs. 4 and 5) . The dense coverage of video mosaics allows the application of indicator kriging (IK), variogram analysis and, therefore, the computation of surface maps covering almost the entire mud volcano.
The results of the geostatistical analysis were validated by calculation of standard errors of prediction and by cross-validation. In this statistical technique, raw data are removed from the entire data set. This artificially reduced data set is the input for a new variogram analysis and IK, which now predicts values for coordinates where data (which were not part of the analysis) are available. Comparison between available raw data and predicted values expresses the accuracy of computed maps .
The result of the variogram analysis and IK is visualised as single maps for each of the three major habitat types: 1. areas of uncovered, structured and smooth mud sequences; 2. regions covered mainly by pogonophorans; and 3. regions mainly covered by Beggiatoa ( Fig. 6a-c ). These three maps were aggregated to one by overlay technique within the GIS. This supports visualisation of the complex distribution of the distinct biogeochemical habitats (Fig. 6d ). Combining spatial information as microbathymetry (Fig. 2) , visual interpretation of video mosaics (Fig. 4) , maps on slope direction (Fig. 5) , and geostatistical analysis allows estimating the coverage of HMMV by different biogeochemical habitats.
Results

Quantification of morphological units
The high resolution microbathymetric data ( The hummocky region shows a maximum height of only 9 m in relation to the centre and at most 16 m relative to the surrounding moat area of the mud volcano. In the southeast the fresh mud flow replaces the hummocky structure partially, indicating the direction of recent mud flows (Fig. 2) . The third unit, a circular 2 m deep moat of 100 to 270 m width surrounds the hummocky unit. In the NE this moat is partly interrupted by small circular outcrops (10 to 30 m in diameter) exceeding the mud volcano structure.
Units I and II are the regions where chemoautotrophic communities, mud flows, enhanced geothermal gradients, high CH 4 concentration in sediments, seepage of CH 4 bubbles, and gas hydrates were observed. This very active area, related to the CH 4 cycle, of unit I and II is referred as the high CH 4 region (HCR) of HMMV, subsequently. The HCR covers an area of 739,729 m 2 (53% of the eHMMV) and forms the reference area for the surface calculation in the following. In N/S and E/W direction the diameter of the HCR is 1000 m and 1050 m, respectively. The maximum diameter of the HCR, 1160 m, is observed in SW/NE direction.
Besides these characteristic units, the hill shading map visualises the general lineation pattern as rims and ridges on the sediment surface (Fig. 2) . The dominant orientation of these lineations is in NE to SW direction. Several E to W oriented lineations are obvious in the northern part. The mud sequence in the central part of HMMV seems to be structured by distinct flow lines.
The accuracy of the high resolution bathymetry allows the computation of elevation profiles (Fig. 5 ) and calculation of slope angles for the different units (Tables  2 and 3 ). This spatial analysis reveals that the central flat region has an area of 192,527 m 2 (26% of the HCR or 13.8% of the eHMMV) and is characterised by low inclination values of generally less than 3°(mean value: 2.0°). Only in the southwest of unit I a few areas show values up to 5°(mean value: 3.5°) due to local undulations. Nevertheless, Fig. 2 reveals that these areas stand out clearly from the slope inclinations of the hummocky unit II and are thus assigned to unit I.
The mud layer in the centre seemed to be subdivided by rims or terraces (Fig. 3h ) caused probably by individual sequences of mud flows. We assume that these regions are indicating the temporal sequence and pathways of mud flows and their interaction with the hummocky landscape, for example, mud flows terminated at hummocky structures in the south and the southeast (Fig. 2) . (Fig. 4-2) : centre (unit I), hummocky peripheral rim (unit II) and moat area (unit III). The area of these three units is defined as the entire area of the HMMV (eHMMV). Subsidence faults (black, nearly circular lines) limit the eHMMV from the surrounding seafloor. Tracks of video mosaicing survey are indicated by coloured lines. The red, green, and brown lines indicate areas covered by more than 50% with Beggiatoa mats, pogonophorans or areas of unsettled mud, respectively. Unit I and II are reflected as the high CH 4 region (HCR). The total area of the hummocky peripheral rim is 547,202 m 2 (74% of the HCR or 39.2% of the eHMMV), thus more than 2.5 times larger than the flat mud region in the centre of the HMMV. Large slope inclinations of more than 20°are typical. A maximum slope angle of more than 50°was found at lineations distributed regularly in the hummocky area. For both the flat area in the centre and the hummocky peripheral rim the calculated slope angles coincide well with the visual observations obtained during dives by Victor6000; especially in the northern part steep slopes and escarpments were obvious.
The third unit, the shallow depression zone surrounding the HMMV, has a size of 612,182 m 2 (43.9% of eHMMV) and rather low inclinations of less than 1.5°( mean value: 1.4°). The abrupt transition between the hummocky region and the moat area was also visually confirmed during the ROV surveys. of this uncovered area is located outside of the HCR (Fig. 5) .
Spatial distribution of biogeochemical habitats
Since the video surveys cover a significant part of the MV, these calculated areas are considered as robust For the moat region slopes of N5°(marked by ⁎ ) were observed in the direct vicinity of fault lineations (Fig. 5) . The HCR region comprises of HMMV units I and II, the eHMMV of units I, II and III. (Fig. 6 , Table 5 ). Fig. 6a-c show the spatial distribution of uncovered mud and of dense population by pogonophorans or bacterial mats. Visual inspection of the seafloor images reveals a high coverage by bacterial mats for the outer rim of the flat central area (Fig. 6c) whereas pogonophorans cover large regions of the hummocky periphery (Fig. 6b) . The regions of uncovered mud can be subdivided into two settings: 1. the flat centre of the crater and 2. the moat region enclosing the hummocky periphery (Fig. 6a) . This general pattern, already reported by Milkov et al. (1999) and Gebruk et al. (2003) , can be improved by the georeferenced video mosaics to a more detailed spatial analysis of the HMMV habitats. This spatial analysis allows to calculate areas as well as to decipher the degree of coverage by chemoautotrophic organisms dwelling on methane and sulphur fluxes from below.
Based on the three mono-parametric maps (Fig. 6a-c ) areas covered by chemoautotrophic communities and uncovered mud were calculated. These area calculations, referring to the three mono-parametric maps, are given in Table 4 . The spatial analysis revealed that 31,435 m 2 (4.2% of the HCR) is densely covered (N50%) by Beggiatoa mats and a considerable larger area of 275,958 m 2 (37.3% of the HCR) is densely covered by pogonophorans. In the centre of the mud volcano an area of 115,165 m 2 (15.6% of the HCR) is not or only very scarcely colonised by larger CH 4 indicating micro-and macrofauna of Beggiatoa and pogonophorans.
By combining the three information layers (Fig. 6a-c ) into a single map by GIS overlay technique the complex habitat distribution at the HMMV can be identified (Fig. 6d) . Based on Table 5 and Fig. 6d the combined populated areas (Beggiatoa and pogonophorans) can be quantified and assigned to sub-regions of the high CH 4 bearing region (HCR).
Mud areas essentially uncovered by any chemoautotrophic organism are observed in the centre and the SE of the HMMV (Fig. 6a) . Whereas the major part of the mud surface is rather smooth and unstructured, an area The table gives a subset of the results after an application of GIS overlay technique using the mono-parametric maps (Beggiatoa and pogonophorans) and corresponds to Fig. 6d .
surrounding the central part is structured by hollows and rims as in Fig. 3h . This structured mud is mainly stretching from the centre to the E and S of the centre (Fig. 6d) . Whereas a few regions in the central, rather flat part of the HMMV are covered densely by Beggiatoa, no pogonophorans were observed in this region (Fig. 6b) . The pogonophorans are essentially restricted to the hummock periphery. Furthermore, this chemoautotrophic community is observed outside the moat subsidence faults in the S and SW of the HMMV.
Except for the central part of the HMMV, where smooth or structured mud is observed, bacterial mats are spread almost over the entire HCR (Fig. 6c) . Especially the region south of the structured mud is densely (by more than 50%) covered by Beggiatoa mats which occur on smooth mud areas.
The association "Beggiatoa mats with smooth mud" is also observed for the moat area in the S and NNW of the HMMV. Even in the hummocky periphery (morphological unit II) bacterial mats were observed. With 167,329 m 2 a large area (22.6%) of the hummocky area is settled by pogonophora (N 50% coverage) and Beggiatoa (b 20% coverage) (Fig. 6d, Table 5 ).
Discussion
The microbathymetry map derived by the high resolution multibeam systems (footprint of 0.25 m 2 ) and the video mosaics compiled during the ROV dives, provides a detailed insight into the morphology and distribution of mud flows and chemoautotrophic communities. This allows to identify seabed structures with only a few centimeters of elevation, the computation of a digital elevation model, or to derive a map on slope direction. Therefore, relations between geomorphologic structures and biogeochemical habitats, observed on georeferenced video mosaics, can be identified.
For spatial analysis of seafloor features such as the degree of coverage by benthic organisms or of sediment properties, video mosaicing provides several advantages compared to still photographs. Since they are georeferenced, their coordinates and extent -on a m 2 basis -is known, and the area of even small scale features can be measured accurately and related to bathymetry and other features. Whereas adjacent still photographs of the seafloor might overlap, bearing the risk of overestimating spatial extents, this overlap is eliminated by the video mosaicing algorithm. Since the mosaics provide a continuous cover of considerably larger areas than still photographs, regional transitions from scarce to dense population by Beggiatoa mats or from smooth to structured mud can be identified and quantified (Fig. 4) .
Compared to the size of the eHMMV (approx. 1.4 km × 1.4 km), which is comparable to other offshore mud volcanoes (Kopf, 2002; Milkov, 2000) , the spatial coverage by video mosaics is rather high (Fig. 5) . In addition to the interpolation of the mosaics, we applied variogram analysis and indicator kriging to derive maps about the distribution of different biogeochemical habitats for the entire area of the HMMV. In general, spatial interpolation provides local estimates. Statistical techniques, maps on standard deviations, semi-variogram analysis, and cross-validation, allow to evaluate the accuracy of such linear estimates and are suitable to optimise the spatial interpolation process (Clark, 1982) , one reason to apply kriging.
Furthermore, the applied IK deals with the data heterogeneity according to a scientific question to be studied (Goovaerts, 1997) ; for example, investigating and predicting the probability of the occurrence of an organism at a certain place at the seafloor. The determination of the areas shown in Fig. 6 is based on a defined threshold of occurrence probability of each HI, respectively . For our data set statistical mean values resulting from the cross-validation and the comparison between observed values and predicted values, revealed similarities of better than 83%. Particularly good results were obtained with the forecast of uncovered mud areas (N89%), regions with more than 50% bacteria coverage (N 92%) and areas covered to 0-20% by pogonophorans (N90%).
The microbathymetry data and hill shading map (Fig. 2) allow interpretation of the sequence of mud flows. Mud flows identified by interpretation of sidescan sonar images were heading in westerly (old mud flow) and southern (young mud flow) direction (Milkov et al., 2004; Vogt et al., 1997) . This is confirmed by the multibeam microbathymetric data (Fig. 2) , showing a lobe-shaped, 2 m high elevation within the western and the southern moat subsidence zone.
A more detailed consideration of flow direction and possible source location of current mud flows within the HCR can be derived by microbathymetric data and temperature measurements. For this purpose trend surface analysis was applied to bathymetric data obtained for the surrounding, the western flank of the submarine valley, of HMMV and the microbathymetric data measured for unit I (Fig. 7) . By trend surface analysis (Davis, 2002) , small scale undulation can be leveled out to decipher the general trend of sediment layers. This technique, is used in oil and mineral exploration, hydrogeology, or structural geology for identification of strike or slip directions of subsurface strata or drainage patterns. The high resolution microbathymetry data (footprint of 0.5 × 0.5 m) allows calculation of trend surfaces without bias of undersampling and aliasing effects.
The surrounding of the HMMV, located in a submarine valley at the Barents Sea fan, has a general inclination in north-eastern to south-western direction (Fig. 7a) . We assume that the old mud flow direction was influenced by this inclination.
In contrast, the slope tendency of unit I (Fig. 7b ) clearly shows a trend from high topography in the northwest towards low topography in the south-eastern and southern part. Thus, at present the drainage direction of the flat centre (NW to SE) is perpendicular to the general inclination direction of the continental slope (Fig. 7a) . Fresh mud flows, seeping from depths of several hundred meters to few kilometers in the NW of unit I, would preferably follow the detected trend surface into south-eastern and southern direction (Fig. 7a) . We suppose that the deposition of former mud flows shaped the morphology and caused the deviation in the direction of the current mud flows.
In the northern part of the central unit I we observed the highest trend surface elevation for unit I, the highest temperature and heat flows (Kaul and Heesemann, 2004) , distinct lineations (Fig. 2) , and the largest spatial distribution of uncovered mud areas. Therefore, we suggest this sub-region of the HMMV as the suggested source location (sSL) of fresh mud flows (Fig. 9) . The recent flows are likely to have been stopped or redirected by the interaction with the hummocky periphery (Fig. 6d) .
Based on the spatial analysis (Figs. 6, 7 and 8b) and the hill shading image we assume a temporal relation existing between the colonisation structures of the chemoautotrophic organisms and the flow path of the fresh mud (Figs. 6, 7 and 8b) . Fig. 8a and b shows a sequence of elevation profiles based on the microbathymetric data and oriented on the trend surface of unit I. Fig. 8c presents the typical population sequence at the HMMV along the elevation profile 2 and includes the derived biogeochemical habitats and morphologic zones. The SSL is indicated by uncovered or sparsely covered mud, absence of gas hydrates due to high temperatures and highest elevation of unit I. From this site to the south we observe a zone of highest Beggiatoa density (N 50%), changing into a zone with a bacteria density of 20-50% coverage, again changing into a zone with low bacteria density (0-20%) combined with a high occurrence of pogonophorans, and finally ending at a zone where only tube worms settle the area of the HCR (Fig. 8c) .
Microbial consumption limits the flux and the release of methane through the sediment water interface. Beggiatoa and pogonophorans use primarily hydrogen sulphide resulted from the process of the AOM. If the zone of the AOM is near to the sediment surface, the rate of the sulphide synthesis and the sulphide gradients increases. The highly different vertical sulphide gradients below different communities strongly indicate the important role of sulphide availability in structuring community composition. Thus, high Beggiatoa density points on high AOM rate while pogonophorans indicate Fig. 7 . Polynomial trend surfaces a. using bathymetric data (RV Polarstern) from the HMMV and its surrounding and b. applying microbathymetry data (Victor6000) for the HMMV unit I. Composition of both analyses reveals that the slope direction of unit I is perpendicular to the slope of the surrounding of the HMMV.
AOM in smaller extent; the tube worms are able to achieve to sulphide from deeper sediment layers than the Beggiatoa (Sahling et al., 2002) .
Derived from the occurrence and spatial density of chemoautotrophic communities and uncovered mud areas, we define five biogeochemical habitats (BGH 0-4) represented in Fig. 9 .
The central uncovered part, the BGH 0, is still not recolonisation by Beggiatoa or pogonophorans, thus, one of the youngest mud flows (Fig. 6a) . The zone around the SSL of current mud flows, where probably no biofiltering AOM-active microbial consortia in the upper sediment layer occur, we expect as the region of the highest CH 4 flux (Fig. 9 ). This BGH 0 represents 15.6% of the HCR and 59.8% of the entire unit I (Fig. 6a) . Different processes might be the reason why this central region is still uncovered: (i) not enough time has elapsed since the last mud flow event for re-colonisation by Beggiatoa; (ii) the chemical composition of pore water is still not suitable; and (iii) advective processes or sediment dynamics inhibit archaea development (compared to diffusive methane gradients). We exclude high temperatures as the limiting factor only for Beggiatoa (A. Boetius, pers. comm.); for pogonophorans a negative correlation is more probable (Sahling et al., 2005) .
BGH 1 is the region of highest population density by Beggiatoa on the sediment surface. Beggiatoa mats (N50%) cover 5.2% of the HCR or 19.9% of unit I (Fig. 6c) . Where southern and eastern of the BGH 0 bacteria patches of more than 30 cm in diameter cover areas of up to several square meters, a total absence of pogonophorans is observed. This lobe-shaped area, stretching from the hummocky periphery in the west to the north-east, separates the uncovered mud sequence into a central, western, and southern sub-region (Fig. 6d) . Since Beggiatoa and their symbionts are tolerant to high concentrations and steep gradients of reduced chemical components as hydrogen sulphide, this spatial distribution suggests that these organisms are pioneering the fresh mud flows.
The BGH 0 and 1, both located within the flat centre, are enclosed by the BGH 2. This BGH 2 is to be found in parts of the flat centre and in parts of the hummocky periphery and is characterised by a high probability of a bacteria density of 20-50%. Pogonophorans or other macrofauna, dominant in regions of lower rates of methane seepage and hydrogen sulphide formation (Levin et al., 2003; Sahling et al., 2002) , were not observed for BGH 2.
BGH 3 is characterised by a rough topography (morphological unit II) and a surface elevation of up to 9 m with respect to the centre and 16 m with respect to the moat. Probably, it consists of material of old mud flows and could have been disrupted and pushed aside by the younger mud flows emitted at the centre. This area is mainly covered by pogonophorans (coverage N50%) while the bacteria diminish concentrically towards the periphery (coverage 0-20%) building a large transition zone of Beggiatoa and pogonophorans (BGH 3) until the Beggiatoa are completely replaced by the tube worms (BGH 4). In the SSW of the HMMV the BGH 3 the otherwise concentric zone is interrupted in the area of the recent mud flow pathway.
The pogonophoran BGH 4 which is excluding colonised by pogonophorans covers the area along the SSW outflow of the flat area into the moat area (Fig. 9) . Apparently, as a consequence of the direction of the Fig. 9 . Schematic map of the major zones of release or anaerobic oxidation of methane. BGH 0 is the region of highest CH 4 release, BGH 1-4 are regions of biofiltering communities from high to low CH 4 consumption and indicated by occurrence of sulphide-oxidising Beggiatoa and pogonophorans. The suggested source location (SSL) of fresh mud flows is derived from the trend surface analysis, the locations of highest temperature (Kaul and Heesemann, 2004) , and the regions of uncovered mud. recent mud flow bacteria and tube worms occur with the largest distance to the suggest source location (SSL) of fresh mud. Beside that, the moat area is apparently free of macro and mega fauna. From this perspective the distribution pattern of chemoautotrophic communities suggests that the last outflow of mud from the HMMV structure occurred through the SE outlet, where no pogonophorans are observed (Fig. 6b) . In contrast to the SE outlet, today the outlet located in the south is already colonised by these communities.
The temporal pattern of mud re-colonisation by chemoautotrophic communities can be estimated, therefore, from their spatial distribution along the S and SSW direction pathway (Fig. 8c) : observations of Beggiatoa distribution evolving from very localised narrow occurrences (spots) southeast of the uncovered mud area to densely distributed large mats (patches) south and east of the centre (Fig. 6d ) might indicate the increasing age of the underlying mud flow.
Conclusions
Since chemoautotrophic communities as Beggiatoa and pogonophorans indicate efficient "biofiltering" microbial organisms, limiting the release of methane from sediments to the water column, their spatial distribution (Fig. 6 ) is a suitable detector to distinguish between areas of high versus low methane discharge at the HMMV and other offshore mud volcanoes. The spatial distribution and absolute values -on a m 2 basis -for the coverage by these chemoautotrophic communities and mud flows provide therefore a basis for budgets of methane oxidation and of methane release into the water column.
Deducing the position and the alignment of the old mud flow as well as the highest elevation of the unit I the SSL seems to remain locally constant. The recent mud flow, originating from further mud discharge, follows the arising new trend direction toward S and SSW. The combination of accurate navigation as USBL, high resolution bathymetry, and georeferenced video mosaics allows deciphering temporal changes as spreading of mud flows or of Beggiatoa mats and might be able to present a "baseline study" for further analysis of temporal-spatial changes at extreme environments like mud volcanoes.
Our results represent an extension of the distribution pattern described by Gebruk et al. (2003) and Milkov et al. (1999 Milkov et al. ( , 2004 . Whereas the previous mapping approaches basically used the presence of either pogonophorans, or Beggiatoa, or mud sequences, the co-occurrence of these features (Fig. 6d) as well as the quantification of areas and high resolution bathymetry allows a more detailed consideration of biogeochemical habitats and their dynamics. Thus, the GIS techniques applied here did not only allow the identification of the active centre, but also support quantification of areas dominated by bacteria, and transition zones, where we expect subsequently decreasing diffusive methane gradients.
The applied video mosaicing analysis is a progress beyond the classical still photograph-approach due to (i) the larger areas covered in two-dimensional manner and (ii) the availability of geographic coordinates for each pixel and therefore each feature at the seafloor. This offers a number of GIS applications to describe the spatial distribution of any kind of object identified in the mosaics, as shown in this study (visual feature detection attached to a certain geographical location, geostatistical interpolation (revisable e.g. by cross-validation, overlay, trend surface analysis)). Geostatistics also provide techniques to identify spatial correlation with other parameters, e.g. to identify the complex colonisation structures which are related to geochemical parameters such as methane and hydrogen sulphide concentration in sediments, occurrence of gas hydrates, seafloor morphology, temperature and the sequence of mud flows. Furthermore, in marine geosciences the image analysis attains more at relevance, due to progressive techniques and amount of data, so automatic feature detection would reduce the labour-and time-intensive visual image inspection.
